Two glutamate dehydrogenase (GDH) cDNA sequences encoding 474 (GDH A, a truncated gene) and 552 amino acids (GDH B) were discovered in the Pacific white shrimp, Litopenaeus vannamei. Both GDH A and GDH B were fairly conserved as shown by the amino acid alignment. The two cDNAs differed only at the C-terminal sequences. The quantitative real time polymerase chain reaction (qPCR) assay was developed to estimate the specific expression on different tissues. Both GDH A and B were mainly expressed in shrimp muscle, followed by in the gill and epithelium, while the expression in shrimp hepatopancreas was the lowest when compared with other tissues. Though no significant difference was observed among all the test tissues, the ratio of GDH B to GDH A transcription was kept at a very high level ranging from 32.04 in the eyestalk to 64.52 in the muscle, indicating that GDH B was largely expressed in L.vannamei. The GDH activity in the muscle of L.vannamei was also the highest followed by in the epithelium, eyestalk and gill. The GDH activity in hepatopancreas was significantly lower than that in other tissues. As a control, the tissue expression of Na + -K + ATPase was also determined. This enzyme was mainly expressed in the gill, followed by in the muscle and epithelium. Our results provide baseline data in physiological expressions of GDH and Na
INTRODUCTION
Intracellular accumulation of free amino acids is a common response of many organisms to the change of ambient salinity (Yancey et al., 1982; Hare et al., 1998; Kempf and Bremer, 1998; Gilles, 1997) . The accumulated free amino acids in response to hyperosmotic stress are called compatible osmolytes because these compounds are able to regulate the cell volume and maintain the stability of the cellular macromolecules such as enzymes (Hochachka and Somero, 2002) . In osmoconforming marine invertebrates, when a dramatic change of ambient salinity occurs, the change of osmotic concentration is also followed by a large fluctuation in free amino acids, and the molecular mechanisms responsible for these changes in intracellular organic osmolytes are not well understood in marine invertebrates (Willett and Burton, 2003) .
In euryhaline crustaceans, free amino acids comprise the bulk of the organic osmolytes accumulated in response to hyperosmotic stress. Previous studies have shown that a harpacticoid copepod species, Tigriopus californicus (Baker, 1912) , accumulates proline, alanine and glycine regardless of hyperosmotic stress, though only proline accumulation is dominated in this copepod (Burton and Feldman, 1982; Goolish and Burton, 1989) . At a constant salinity, alanine synthesis is commonly observed, but proline is only synthesized under hyperosmotic stress (Burton, 1986 (Burton, , 1991 . Glutamate, a precursor to proline, therefore, is considered a major regulatory checkpoint in the proline synthetic pathway for osmotic regulation in shrimp (Willett and Burton, 2002) .
Previous studies on other crustaceans suggest that the activity of key enzymes in the synthesis of amino acids is influenced by the intracellular ions and can lead to a net amino acid accumulation when these enzymes are upregulated by salinity (Florkin and Schoffeniels, 1969; Gilles, 1979) . Glutamate dehydrogenase (GDH) has been invoked as a potential control point for amino acid synthesis because it is involved in the production of glutamate from a-ketoglutarate. Transamination of pyruvate with glutamate produces alanine, while proline is synthesized from glutamate via a pyrroline-5-carboxylate intermediate. Hence, an increase in glutamate production via GDH could increase the syntheses of both proline and alanine. But Burton (1986 Burton ( , 1991 suggested that the regulation of proline accumulation in T. californicus is not necessarily mediated by GDH activity, and that alanine accumulation appears to be different from that of proline. However, the mechanistic difference between alanine and proline accumulations has not been documented.
Pacific white shrimp, Litopenaeus vannamei (Boone, 1931 ) is a tropical species that has been widely cultured in JOURNAL OF CRUSTACEAN BIOLOGY, 29(3): 379-386, 2009 extensive, intensive, and semi-intensive systems (Frías-Espericueta et al., 1999) . Due to shrimp diseases and water pollution in near shore coasts in the last decade, L. vannamei has become an attractive cultivar for inland saline water farming in many parts of the world including the United States (McGraw et al., 2002) , Thailand (Saoud et al., 2003) and China (Cheng et al., 2006) . Although L. vannamei is euryhaline and able to tolerate a wide range of salinity from 1% to 50% (Pante, 1990) , a salinity change does alter its growth performance due to energy expenditure in osmoregulation (Fry, 1971; Kinne, 1971) .
The role of GDH in osmoregulation has been tested through the pathway of amino acid catabolism in various crustacean species (Roustiau et al., 1985; Rosas et al., 2001) . Although ammonia excretion is not affected by salinity, the GDH activity increases at low ambient salinity and is also amplified by dietary protein [Arena, et al., Universidad Nacional Autónoma de México, personal communication] . Given the importance of GDH in osmoregulation, the understanding on genetic regulation of this important enzyme in crustacean is very limited. Willet and Burton (2003) reported that the mRNA of the GDH gene in T. californicus did not increase during hyperosmotic stress. Until now, no other information has been reported on the relationship between the GDH gene expression and osmoregulation in macro crustacean species.
When L. vannamei is exposed to dilute seawater, it has to counteract the passive loss of Na + by an active uptake of Na + from the ambient water through the apical membrane of osmoregulatory cells. The Na + ions are pumped into the hemolymph by the Na + -K + ATPase and this process is believed to be the central part in ion regulation and cellular water balance for aquatic vertebrates and invertebrates (Towle, 1984) . Generally, the Na + -K + ATPase activity is directly related to the osmoregulation capacity (Towle, 1981) . Although the role of Na + -K + ATPase in osmoregulation of aquatic animals was recognized (Towle, 1981) , past studies on osmoregulation in L. vannamei have not gone beyond physiological approaches (Alvarez et al., 2004; Palacios et al., 2004; Pan et al., 2007; Hurtado et al., 2007 ) . The information on the Na + -K + ATPase gene and its expression, therefore, is much in need to understand the salinity adaptation in L. vannamei.
In this study, we reported two GDH cDNAs sequences, and developed a quantitative real time polymerase chain reaction (qPCR) assay to analyze the relative expressions of the GDH cDNA sequences and the Na + -K + ATPase gene in the muscle, hepatopancreas, gill, eyestalk, and epithelium of L. vannamei. This approach will provide molecular evidence on the possible molecular control of osmoregulation in shrimp.
MATERIALS AND METHODS

Animals
Pacific white shrimp weighing 13.5461.32 g were obtained from a shrimp farm near Shanghai, and were stocked in a recirculating tank system with salinity and temperature maintained at 5% and 2562uC, respectively. The shrimp were fed with a commercial feed containing crude 40.0% protein, 9.4% crude lipid, 11.8% ash, and 9.2% moisture. The gill, heptopancreas, muscle, eyestalk and epithelium (Carapace) of fifteen adult L. vannamei in the intermoult stage after 24 h starvation were sampled and kept at 270uC for the RNA extraction and enzyme determination. Eight out of 15 shrimp were thus selected and evaluated by PT-PCR and qPCR analyses.
Total RNA Extraction and Reverse Transcription
Total RNA extractions from the target tissues were carried out according to the TRIZOL protocols (Invitrogen). RNA was quantified at 260 and 280 nm using a UV-240 spectrophotometer (SHIMAZU Corporation, Kyoto, Japan). Before reverse transcription, RNA was treated with DNAase (PROMEGA) at 37uC for 15 min and washed two times. Samples of polyadenylated RNA were reverse-transcribed from 1 mg of total RNA denatured at 70uC for 5 min. Reactions occurred in a mixed solution containing 1 ml dNTP (25 mM), 0.5 ml oligo dT, 5 ml Tp MMLV, 2.5 ml DTT, 0.325 ml rnasine, and 0.675 ml MMLV. The condition for reverse transcription was in the sequence of at 25uC for 10 min, 42uC for 50 min, and 94uC for 5 min.
Characterization of GDH cDNA
To get GDH cDNA from of L. vannamei, different PCRs were realized on a hepatopancreas cDNA library previously constructed in alZAP vector (Stratagene) (Le Boulay et al, 1996) . First, two consensus oligonucleotides (GDH1 and GDH2R) were designed to amplify a cDNA fragment, and then a nested PCR was made to get the complete cDNA sequence. The 59 end of GDH cDNA was obtained by using two cycles of primers GDH 6R and Rpnew, then GDH3R and the T3. 39 end were obtained using primers GDH4 and M13FW and then GDH7 and T7. The primers for this analysis were summarized in Table 1 . The PCR products were excised from the agarose gel, and purified with the purification kit (Promega, USA), and then sequenced by the genetic analyzer (ABI, PRISM TM ). Sequences were edited, transferred to corresponding amino acids sequence and aligned with BIOEDIT (version 5.0.9). Sequences of two GDH cDNAs have been submitted to the Genebank with the accession numbers AM076955 and EU496492, respectively.
Quantitative Real Time PCR (qPCR) Analysis
The expression of mRNA of the target genes in different tissues were measured by qPCR. The specific primers for all test genes were designed with information from published literature L. vannamei and Penaeus monodon (Fabricius, 1798) cDNAs (Table 1 ). All primers were produced by Eurogentec Ltd. The qPCR was carried out in the iCycler iQ real-time PCR system (Bio-Rad Laboratories, Richmond, California) using SYBR Green. The amplifications were performed in a 96-well plate in a 15 ml reaction volume containing 7.5 ml SYBR Green Master Mix (Bio-Rad), 0.5 ml (each) gene-specific forward and reverse primers, 1.5 ml nuclease-free water, and 5 ml cDNA. The thermal profile for SYBR Green PCR was 95uC for 3 min followed by 40 cycles of 95uC for 30 sec and 60uC for 1 min. After PCR amplification, the melt-curve analysis was conducted using the iCycler iQ Optical System Software (Bio-Rad) to confirm the amplified product. The amplified fragments by qPCR were controlled both by sequencing and electrophoresis on 1.2% agarose gels with TAE buffer in 13 TAE buffer (tris-acetic acid-EDTA) with one drop of ethidium bromide.
GDH Activity Assay
Tissues stored at 270uC were weighed and homogenized in a phosphate buffer (0.025 M KH 2 PO 4 , 0.025 M Na 2 PO 4 ?12H 2 O, pH 7.5). Homoge- Table 1 . Primers for characterization of GDH cDNA of L. vannamei.
Primer name
Sequence (59R39)   GDH  GARAARGARATGTCNTGGAT  GDH2R  TRRTTYTTNARCCAYTCRAAR  GDH6R  GCCAGTGACACAGGCATGAG  GDH3R  ATGGTCAAGATGTCCAATAGT  GDH4  TCCAGGACATGAATGTTTTGG  GDH7 TCAATGCTGGTGGTGTAACT GDH Asp ACTGTCATAAAACCCAAAACAGA GDH Bsp AAGCAGCAGTACCGAGATCAA nates were centrifuged at 14,000 3g at 4uC for 15 min. The supernatant was separated for enzyme assay which assays were performed individually following the method of King et al. (1985) and Regnault (1993) . Conditions and reagents for carrying out these assays were 80 mM imidazole, HCl buffer, pH 8.0, 0.5 mM PMFS, 5 mM mercapthoethanol, and 750 mM ammonium acetate. We used 40 ml enzyme extract and 20 mM NAD as a substrate (final volume 5 1 ml) to determine the GDH activity. Enzyme activity was determined from the slope (Vu) of NAD reduction to NADH recorded at 340 nm (e 5 6.22 3 10 23 ) at 25uC using a Shimadzu PR-1 spectrophotometer. Supernatant protein was estimated by the Bradford method using bovine albumin as the standard (Bradford, 1976; Stoscheck, 1990) . Results were expressed as mIU (mmol NADH formed min 21 mg 21 protein).
Data Analysis
Each numerical measurement between different tissues was expressed as mean 6 standard deviation (N58), and was subjected to one-way analysis of variance (ANOVA, SPSS for Windows, version 14.0) to determine significant differences among treatments after being normalized by logarithm (except for GDH activity), but only non-transformed means were presented. If a significant difference was identified, differences between means were compared by LSD's multiple range test. The level of significant difference was set at P , 0.05.
RESULTS
Characterization of the Two GDH cDNAs of L. vannamei
The 39 end PCR revealed two different PCR products having approximately 500 and 350 bp respectively, and the products were purified and sequenced. Thus, two GDH cDNA sequences were obtained, namely GDH A and GDH B respectively, and the 39end partial fragments of different tissues were sequenced and aligned (Fig. 1) . The GDH A cDNA had an open reading frame of 1422 bp encoding 474 amino acids, and the GDH B cDNA had a sequence of 1656 bp encoding 552 deduced from their cDNA sequence respectively, with a difference only at the C-terminal. Conserved sites were detected in domain 3, but the protein of GDH A was truncated. At the N-terminal, a portion likely being a mitochondrial signal sequence peptide (D. melanogaster cleavage site) is indicated on the amino acids alignment (Fig. 2) . The ratio of amino acid identities of GDH A in L. vannamei to those in Drosophila melanogaster and T. californicus was approximately 71% and 67% respectively, and the ratio of GDH B in L. vannamei to other two shrimp species were approximately 75% and 71% respectively.
Tissue Expressions of the Two GDH cDNAs of L. vannamei
The analysis of GDH gene expression from qPCR showed that the amounts of both GDH A and GDH B transcripts relative to b-actin were tissue-specific. GDH A and GDH B cDNA expressions in different tissues of the white shrimp were shown in Figs. 3 and 4 respectively. The GDH A transcripts relative to the b-actin in the muscle were significantly higher than those in the hepatopancreas and epithelium. No significant differences were observed when compared with those in the gill and eyestalk. The GDH B cDNA transcripts relative to the b-actin value in the muscle were the highest, and those in gill and epithelium were relative significantly higher when compared with that in the hepatopancreas. The lowest amount of GDH B transcripts relative to b-actin transcripts occurred in the hepatopancreas. The ratio of GDH B to GDH A transcripts relative to the b-actin transcripts in each tissue ranged from 32.04 in the eyestalk to 64.52 in the muscle. No significant differences were detected in all test tissues of L. vannamei (Fig. 5) . GDH activities in five tissues of L.vannamei were also determined in this study. Significant high activity was observed in the muscle, and followed by in the epithelium, eyestalk and gill, respectively. The GDH activity in hepatopancreas was significantly lower than that in other four tissues (Fig. 6 ).
Tissue Expression of Na
As a control, the abundance of mRNA transcripts of Na + -K + ATPase gene in each tissue was also analyzed by qPCR, and was expressed by the relative level of the Na + -K + ATPase gene to the b-actin transcripts in L. vannamei (Fig. 7) . The sequence of qPCR fragments was confirmed by aligning with that of P. monodon. The Na + -K + ATPase gene expressions in different tissues of the white shrimp were also tissue specific. The Na + -K + ATPase gene was highly expressed in the gill in which the amount of Na + -K + ATPase transcripts relative to actin transcripts was significantly higher than that in other four tissues. Followed by the gill, the Na + -K + ATPase gene was also highly expressed in the muscle and epithelium when compared with that in the hepatopancreas and eyestalk. No significant difference was observed between muscle and epithelium regarding the amount of the Na + -K + ATPase transcripts relative to b-actin transcripts. The Na + -K + ATPase gene was expressed only slightly in the tissue of hepatopancreas and eyestalk, and no significant difference was observed between these two tissues.
DISCUSSION
The glutamate dehydrogenase reaction controls amino acid metabolism in metazoans (Willett and Burton, 2003) . Two GDH genes in L. vannamei were encoded for a 474 protein and a 552 protein, and both proteins were conserved when comparing their amino acid sequences with other species. And as participated from the mitochondrial localization of this enzyme, both coding sequences included an N-terminal mitochondrial signal sequence peptide. This is the first time that two genes encoding this metabolic enzyme have been identified from a crustacean species. GDH is usually divided into four classes. The GDH-1 and GDH-2 are small hexameric enzymes with a broad taxonomic distribution for ammonia assimilation (Benachenhou-lahfa et al, 1993; Brown and Doolittle, 1997; Minambres et al, 2000) . The GDH-3 is a class of larger GDH found only in fungi and protists with the function of glutamate catabolism (Anderson and Roger, 2003) . The GDH-4 is only discovered in eubacteria (Minambres et al, 2000) . In vertebrates, McDaniel et al (1986) found that the bovine heart GDH is composed of two isozymes, but no information related to the gene of the two isozymes has been reported till recently. In crustaceans, the GDH gene was only reported in T. californicu, and only one GDH gene was found in this species (Willet and Burton, 2003) .
In the present study, all target genes were successfully determined with the designed specific primers and the qPCR procedure, and showed different expression profiles in all tissues examined. As a control, the Na + -K + ATPase, which has been proved the most important and crucial enzyme for osmoregulation by pumping Na + into hemolymph (MacGregor and Walker, 1993; Towle, 1984) , was mainly expressed in the gill tissues. The gill is among the most permeable external surfaces of crustaceans, and is considered the primary site for ionic and osmotic regulation (Kirschner, 1979; Pequeux and Gilles, 1988; Towle, 1984) . The reason why both GDH A and GDH B genes were expressed mainly in the muscle of L. vannamei can be explained by the function of GDH relating to the metabolism of both alanine and proline (Plaitakis and Zaganas, 2001; Willet and Burton, 2003) . Since the muscle is the major tissue for protein deposition and also possibly the main amino acid pool, the metabolism of most amino acids take place in this tissue. Therefore, the pool of amino acids could be mobilized when free amino acids are required for a physiological function. Since after a salinity change, the loss of free amino acids from the muscle will result in the release of amino acids into the blood, the additional osmotic load at the blood level will increase the inward water flow from the external medium (Cuzon et al., 2004) . The free amino acids are involved in osmoregulation in crustacean, and contribute to the osmoregulation capacity when ambient salinity changes (Lima, 1997; Spaargaren, 1971; Dalla via, 1989) . Therefore, the muscle could be an optimal site for the gene expression of some key enzymes in the osmolyte metabolism of L. vannamei.
Since crustaceans exhibit a variety of osmotic and ionic regulatory mechanisms (Mantel and Farmer, 1983) , the functional gene expressions may vary between tissues. Though both Na + -K + ATPase and the GDH gene expressions were detected in the eyestalks, epithelium and hepatopancreas, the degrees of expression were relatively lower than those in the gill and muscle. Several studies with decapods suggest that a neuroendocrine control mechanism on salt and water balance is located in the cerebral ganglia, eyestalks, and the ventral nervous system (Mantel, 1985; Kamemoto and Oyama, 1985) . The hepatopancreas is the major digestive gland that is proved to be an optimal organ for evaluating the nutritional status for various shrimp species (Al-Mohanna and Nott, 1989; Bautista et al., 1994; Rosas et al., 1995) . Due to the important function of gills, studies on epithelium related to the osmoregulation have been mainly focused on the fine structure of branchial epithelium or epithelia (Bouaricha, et al., 1994) . Therefore, the findings in this study are partially supported by these previous reports.
In this study, although no significant differences were observed between all the tested tissues, the gene expression ratios of GDH B to GDH A were at a very high level, indicating that the GDH B gene is largely expressed in adult L. vannamei and would play a more important role in the catabolism of free amino acids both for energy production and osmoregulation. Though GDH A is regarded as a truncated gene encoding the GDH enzyme in L. vannamei, GDH A contained almost all the important functional sites for this enzyme. Since this is the first finding of two GDH genes in one species, and understanding on the function of each GDH gene was still limited. Further study should be conducted to identify the expression profile of each GDH gene on a targeted tissue.
Overall, two cDNA sequences of the GDH gene have been reported in this study. The method for quantitative determination of the two genes relevant to osmoregulation was successfully established. Our results clearly demonstrate that Na + -K + ATPase was mainly expressed in the gill while the GDH genes were expressed in the muscle. The muscle and gills are suitable tissues for the study of ion transportation and free amino acids metabolism in crustaceans species during osmoregulation. 
